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The  calculated  performance  of  a  slowed-rotor  compound  aircraft,  particularly  at  high  flight  speeds,  is  exam¬ 
ined.  Correlation  of  calculated  and  measured  performance  is  presented  for  a  NASA  Langley  high  advance  ratio 
test  and  the  McDonnell  XV- 1  demonstrator  to  establish  the  capability  to  model  rotors  in  such  flight  conditions. 
The  predicted  performance  of  a  slowed-rotor  vehicle  model  based  on  the  CarterCopter  Technology  Demonstra¬ 
tor  is  examined  in  detail.  An  isolated  rotor  model  and  a  model  of  a  rotor  and  wing  are  considered.  Three  tip 
speeds  and  a  range  of  collective  pitch  settings  are  investigated.  A  tip  Mach  number  of  0.2  and  zero  collective 
pitch  are  found  to  be  the  optimum  condition  to  minimize  rotor  drag.  Performance  is  examined  for  both  sea 
level  and  cruise  altitude  conditions. 
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Introduction 

Recently  there  has  been  increased  interest  in  expanding  the 
envelope  of  vertical  lift  vehicles,  particularly  in  terms  of 
speed,  altitude  and  range.  Increased  range  allows  attack, 
scout,  and  rescue  vehicles  to  reach  farther  from  their  bases. 
Additional  speed  and  altitude  capability  increases  the  surviv¬ 
ability  of  military  vehicles  and  cost  efficiency  of  civilian  air¬ 
craft.  Long  loiter  times  improve  the  effectiveness  of  scout  air¬ 
craft,  with  particular  applications  of  interest  being  unmanned 
aerial  vehicles  (UAVs)  and  homeland  security  surveillance 
aircraft. 
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Much  work  has  been  focused  on  tilt  rotor  aircraft;  both 
military  and  civilian  tilt  rotors  are  currently  in  development. 
But  other  configurations  may  provide  comparable  benefits  to 
tilt  rotors  in  terms  of  range  and  speed.  Two  such  configura¬ 
tions  are  the  compound  helicopter  and  the  autogyro.  These 
configurations  provide  STOL  or  VTOL  capability,  but  are  ca¬ 
pable  of  higher  speeds  than  a  conventional  helicopter  because 
the  rotor  does  not  provide  the  propulsive  force  or  at  high 
speed,  the  vehicle  lift.  The  drawback  is  that  redundant  lift 
and/or  propulsion  add  weight  and  drag  which  must  be  com¬ 
pensated  for  in  some  other  way. 

One  of  the  first  compound  helicopters  was  the  McDon¬ 
nell  XV-1  “Convertiplane,”  built  and  tested  in  the  early  1950s. 
There  were  many  novel  design  features  in  this  remarkable 
aircraft  (Refs.  1^1),  which  was  tested  in  the  NACA  40-  by 
80-Foot  Wind  Tunnel  at  the  Ames  Aeronautical  Laboratory 
(Ref.  5)  and  flight  tested  near  McDonnell’s  St.  Louis,  Mis¬ 
souri  facilities  (Ref.  6).  The  aircraft  successfully  flew  in  its 
three  distinct  operating  modes,  helicopter,  autogyro,  and  air¬ 
plane,  and  could  transition  smoothly  between  them. 

One  of  the  features  of  the  XV-1  was  that  in  airplane  mode, 
the  rotor  would  be  slowed  to  a  significantly  lower  speed  to 
reduce  its  drag  in  forward  flight.  The  combination  of  high 
forward  speed  and  low  rotor  speed  produced  an  advance  ratio 
near  unity,  which  is  far  above  what  is  typical  for  conventional 
edgewise  rotors. 

Other  prototype  compound  helicopters  since  the  XV-1  in¬ 
clude  the  Fairey  Rotodyne  and  the  Lockheed  Cheyenne.  Pro¬ 
totypes  of  both  aircraft  were  built  and  flown,  but  never  entered 
production.  Recently,  CarterCopters  and  Groen  Brothers  have 
developed  autogyro  demonstrators  and  have  proposed  auto- 
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gyros  and  compound  helicopters  for  future  heavy  lift  and  un¬ 
manned  roles. 

The  purpose  of  the  current  effort  in  the  Aeroflightdynam- 
ics  Directorate,  US  Army  Aviation  and  Missile  Research,  De¬ 
velopment  and  Engineering  Center,  is  to  examine  the  perfor¬ 
mance  that  can  be  expected  from  a  slowed-rotor  compound 
aircraft,  particularly  at  high  flight  speeds.  The  performance 
was  calculated  using  the  comprehensive  analysis  CAMRAD 
II  (Ref.  7).  Correlation  with  historical  high  advance  ratio  test 
data  is  presented  to  establish  the  capability  to  model  rotors  in 
such  flight  conditions.  Then  the  predicted  performance  of  a 
slowed-rotor  vehicle  model  based  on  the  CarterCopter  Tech¬ 
nology  Demonstrator  (CCTD)  is  examined  in  detail. 

High  Advance  Ratio  Correlation 

The  data  for  the  correlation  were  obtained  from  a  high  ad¬ 
vance  ratio  test  program  at  NASA  Langley  by  Jenkins  et  al. 
(Refs.  8,9)  and  from  XV- 1  wind  tunnel  data  in  References  5 
and  10.  These  data  sets  are  of  interest  not  only  because  they 
provide  high  advance  ratio  data,  but  because  they  bear  sim¬ 
ilarities  to  modern  prototypes  in  development.  In  particular, 
the  rotor  used  to  collect  the  Jenkins  data  was  a  teetering  ro¬ 
tor  and  both  the  Groen  Brothers  Hawk  4  and  the  CarterCopter 
Technology  Demonstrator  (CCTD)  prototypes  use  teetering 
rotors.  The  XV- 1  has  a  significantly  different  rotor  system, 
but  the  overall  vehicle  is  quite  similar  to  the  modern  proto¬ 
types.  Shared  traits  are  the  single  main  rotor,  pusher  propeller, 
and  twin  vertical  tails  with  the  horizontal  stabilizer  connecting 
them. 

Correlation  with  NASA  High  Advance  Ratio  Test 

The  first  set  of  data  used  for  correlation  was  from  the  the  high 
advance  ratio  test  at  NASA  Langley  reported  in  reference  9.  A 
teetering  rotor  was  tested  at  advance  ratios  ranging  from  0.65 
to  1.45.  The  variables  measured  were  thrust,  drag,  power,  and 
flapping  angle  at  shaft  angles  of  0.5  degrees  and  5.5  degrees 
(tilted  backward  relative  to  the  oncoming  wind).  For  the  0.5 
deg  shaft  angle  case,  four  advance  ratios  were  tested;  five  were 
tested  at  5.5  deg  shaft  angle. 

The  rotor  properties  are  shown  in  Table  1.  The  rotor’s 
simplicity  makes  it  a  good  test  article  for  correlation  with 
analysis.  The  CAMRAD  II  model  was  set  up  to  match  the 
wind  tunnel  test  conditions  as  closely  as  possible.  Distributed 
properties  for  the  rotor  are  not  available,  so  it  was  modeled 
using  rigid  blades.  The  shaft  angle  was  fixed  and  the  rotor 
was  trimmed  to  zero  flapping.  Like  the  wind  tunnel  test,  rotor 
speed  was  also  fixed,  hence  advance  ratio  was  set  by  the  free 
stream  velocity.  A  rigid  wake  model  was  used  to  calculate  the 
rotor  inflow.  No  precone,  undersling,  or  83  were  mentioned 
in  reference  9,  so  these  properties  were  assumed  to  be  zero. 
The  airfoil  was  the  NACA  0012,  so  publicly  available  airfoil 
tables  could  be  used  in  the  analysis. 


Table  1.  Properties  of  the  Jenkins  high  advance  ratio  test 
rotor  (Ref.  9) 


Number  of  Blades 

2 

Radius 

7.25  ft 

Chord 

1.16  ft 

Solidity 

0.0968 

Lock  number 

5.05 

Twist 

0  deg 

Tip  speed 

110  ft/sec 

Airfoil 

NACA  0012 

53 

0  deg 

Plots  of  thrust  with  collective  pitch  at  0.5  and  5.5  deg  shaft 
angle  are  shown  in  Figures  1  and  2.  Since  the  data  are  rela¬ 
tively  sparse,  linear  or  quadratic  lines  were  fit  to  the  data  to 
improve  their  readability  relative  to  the  predictions.  An  in¬ 
teresting  trend  is  evident.  As  the  advance  ratio  is  increased 
above  approximately  0. 9-1.0,  the  trend  of  thrust  with  collec¬ 
tive  pitch  reverses.  At  /j  =  0.93,  there  is  almost  no  change  in 
thrust  with  collective  pitch,  and  as  advance  ratio  increases, 
the  thrust  becomes  more  negative  as  collective  pitch  is  in¬ 
creased.  This  control  reversal  is  captured  by  CAMRAD  II 
and  the  slopes  of  the  calculated  results  match  the  curve  fits 
very  closely.  There  is,  however,  an  offset  in  thrust  between 
the  predictions  and  the  test  data. 

The  source  of  the  thrust  offset  in  Figure  1  is  unknown.  It 
cannot  be  corrected  by  incrementing  collective  pitch  because 
the  thrust  at  /.1  =  0.93  is  nearly  constant  with  collective  pitch. 
Perturbations  in  shaft  angle  and  (fixed)  blade  twist  did  not 
change  the  calculated  thrust  sufficiently  to  account  for  the  off¬ 
set.  The  eirors  are  thought  to  be  measurement  errors  rather 
than  analysis  eirors  given  the  intersection  of  the  test  data  lines 
for  the  0.5  deg  plot.  At  zero  collective  and  zero  shaft  angle, 
the  untwisted  rotor  should  produce  zero  thrust  if  trimmed  to 
zero  flapping.  The  shaft  angle  tested  was  small,  0.5  deg,  so 
the  lines  should  all  cross  near  the  intersection  of  zero  collec¬ 
tive  and  zero  thrust.  When  CAMRAD  II  was  run  with  zero 
shaft  angle,  the  curves  did  cross  at  zero  collective  and  zero 
thrust.  The  data  cross  at  about  2.5  deg  collective  and  about 
CT  of  0.001. 

The  correlation  for  the  remaining  test  variables  is  similar 
for  the  5.5  and  0.5  deg  shaft  angles,  so  only  the  0.5  deg  cases 
are  shown.  Torque  is  shown  in  Figure  3.  As  with  thrust,  there 
is  an  offset  in  the  data,  but  the  trends  are  again  well  captured 
by  the  analysis.  The  torque  becomes  increasingly  negative 
with  increasing  collective  pitch  and  advance  ratio.  The  offset 
mirrors  that  from  Figure  1.  The  data  are  offset  to  a  higher 
torque  and/or  collective  pitch  setting.  One  difference  is  that 
the  analysis  results  collapse  near  zero  collective  pitch,  a  local 
maximum,  while  the  test  data  intersect  at  about  3  deg  collec¬ 
tive,  as  the  torque  is  falling  off. 
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Fig.  1.  Thrust  correlation  with  high  advance  ratio  data 
from  reference  9,  as  =  0.5  deg. 


Fig.  2.  Thrust  correlation  with  high  advance  ratio  data 
from  reference  9,  as  =  5.5  deg. 
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Fig.  3.  Torque  correlation  with  high  advance  ratio  data, 
a,  =  0.5  deg. 


Correlation  of  inplane  force  was  less  clear,  but  also  en¬ 
couraging.  Figure  4  shows  an  approximately  parabolic  shape. 
The  local  minima  predicted  by  CAMRAD  II  all  occur  near 
flat  pitch  while  the  inflection  points  in  the  data  occur  at  sev¬ 
eral  collective  pitch  settings.  But  the  expected  trend  of  inplane 
force  increasing  with  advance  ratio  is  evident  in  both  the  test 
data  and  the  analysis.  Moreover,  the  slopes  of  the  CAMRAD 
II  predictions  at  higher  collective  pitch  settings  approximate 
the  slope  of  the  data,  particularly  at  the  higher  advance  ratios. 
Also  note  that  the  drag  coefficients  are  small,  mostly  clustered 
in  the  0.001  range,  so  that  small  differences  look  larger  as  per¬ 
cent  error. 

Finally,  longitudinal  cyclic  correlation  is  illustrated  in  Fig¬ 
ure  5.  Both  the  data  and  analysis  predictions  are  approxi¬ 
mately  linear.  Although  the  CAMRAD  II  predictions  appear 
to  be  slightly  higher,  the  lines  are  well  within  the  scatter  of  the 
-0.5  deg  collective  pitch  data  points. 

The  conclusions  from  these  results  suggests  that  CAM¬ 
RAD  II  can  predict  performance  trends  relatively  well  at  high 
advance  ratio  using  a  rigid  blade  model.  The  rigid  blade  as¬ 
sumption  is  of  course  only  accurate  to  the  extent  that  the  test 
hardware  is  stiff.  The  wake  model  is  needed  for  performance 
calculations,  but  a  rigid  wake  geometry  is  adequate  at  these 
high  advance  ratios. 


Correlation  with  XV- 1  Data 

CAMRAD  II  was  also  used  to  correlate  with  the  XV- 1  Con- 
vertiplane  full-scale  rotor.  This  rotor  is  quite  complex,  but 
the  complexities  were  not  difficult  to  model  in  CAMRAD  II. 
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Table  2.  Properties  of  the  McDonnell  XV- 1  convertiplane 
rotor 
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Fig.  4.  Inplane  force  correlation  with  high  advance  ratio 
data,  a,  =  0.5  deg. 


Number  of  Blades 

3 

Radius 

15.5  ft 

Chord 

17.5  in 

Solidity 

0.09 

Lock  number 

4.2 

Twist 

8  deg 

Airfoil 

NACA  632A(  1 .5)15 

^3,  gimbal 

15  deg 

^3, coning 

65.6  deg 

The  rotor  system  had  three  blades  and  utilized  both  a  gim- 
bal  and  coning  hinges  on  each  blade  to  accommodate  flap¬ 
ping  (Ref.  1).  The  rotor  properties  are  provided  in  Table  2 
and  Figure  6  shows  a  drawing  from  reference  1 1  that  details 
the  important  hub  components.  The  lag  and  centrifugal  forces 
were  reacted  by  metal  retention  straps  with  sufficient  stiffness 
that  the  rotor  was  stiff  inplane.  Most  of  the  pitch  mechanism 
was  contained  inside  the  hub  and  pitch  control  was  transmit¬ 
ted  to  the  blades  by  means  of  a  torque  tube  extending  from  the 
hub  to  the  aerodynamic  portion  of  each  blade. 
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Fig.  5.  Longitudinal  cyclic  pitch  correlation  with  high  ad¬ 
vance  ratio  data,  as  =  0.5  deg. 


The  rotor  was  designed  to  operate  in  three  distinct  flight 
regimes;  helicopter,  autogyro,  and  airplane  mode.  Helicopter 
mode  was  used  for  vertical  takeoff  and  landing.  The  rotor  was 
driven  by  tip  jets  and  controlled  by  conventional  collective 
and  cyclic.  Once  the  vehicle  had  sufficient  forward  speed,  it 
would  transition  to  autogyro  mode,  where  the  tip  jets  would  be 
deactivated  and  the  engine  power  would  be  transferred  to  the 
XV-l’s  pusher  propeller.  In  autogyro  mode,  the  rotor  autoro¬ 
tates  and  slows  from  about  390  RPM  to  about  125  RPM  as  the 
vehicle  increases  speed.  The  pilot  then  pulls  a  lever  to  convert 
to  airplane  mode.  In  airplane  mode,  the  hub  lock  ring  (see 
Figure  6)  engages  the  hub  and  locks  out  the  gimbal.  The  hub 
pitch  is  then  directly  controlled  by  the  stem  labeled  “cyclic 
pitch  control”  in  Figure  6.  In  this  mode,  the  rotor  behaves  like 
an  articulated  rotor  as  the  blades  flap  about  the  coning  hinges. 
The  rotor  is  still  autorotating,  and  a  governor  maintains  125 
RPM  by  tilting  the  hub. 

An  interesting  characteristic  of  the  redundant  articulation 
in  the  rotor  hub  is  that  there  are  two  distinct  values  of  pitch- 
flap  coupling,  83.  The  gimbal  has  15  deg  of  83  while  the  con¬ 
ing  hinges  have  65.6  deg  of  83.  That  corresponds  to  2.2  deg 
of  nose  down  pitch  for  every  1  deg  of  flapping  at  the  coning 
hinge.  The  purpose  of  this  large  coupling  is  to  keep  the  blades 
parallel  to  the  hub  at  all  times  when  the  vehicle  is  in  airplane 
mode. 

Much  of  the  wind  tunnel  test  program  (Ref.  5)  was  con¬ 
centrated  on  full-scale  development  of  the  vehicle  and  hence 
little  data  were  presented  for  the  rotor  only  or  for  rotor  and 
wing.  Reference  10  describes  an  earlier  test  where  a  dummy 
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Fig.  6.  Top  and  side  view  schematics  of  the  XV-1  hub  and  blade  assembly  from  reference  11. 


fuselage  and  wing  were  tested  with  and  without  the  rotor.  By 
subtracting  the  data  with  only  the  wing  and  fuselage  from  the 
data  with  the  rotor,  wing,  and  fuselage,  rotor-only  data  were 
obtained.  The  rotor-only  data  does  not  include  interference 
effects  from  the  dummy  wing  and  fuselage. 


Like  the  correlation  with  the  Jenkins  data,  the  analytical 
runs  were  configured  to  match  the  test  conditions  as  closely 
as  possible.  For  the  results  from  reference  10,  the  rotor  was 
trimmed  to  specific  RPM  settings  for  each  data  point.  There¬ 
fore,  in  the  CAMRAD  II  analysis,  the  rotor  speed  was  speci¬ 
fied  and  the  trim  procedure  adjusted  the  shaft  angle  to  achieve 
zero  power  (autorotation)  on  the  rotor.  Also,  as  in  the  Jenkins 
correlation,  rigid  blades  were  used  in  the  analysis.  The  com¬ 
pressed  air  pipes  for  the  tip  burners  forced  the  rotor  blades 
to  be  thick  and  therefore  stiff,  so  the  rigid  blade  assumption 
is  reasonable.  Both  the  gimbal  and  coning  hinge  motion  was 
allowed  for  autogyro  flight  comparisons. 

One  of  the  differences  between  the  model  and  the  test  is 
the  blade  airfoil.  Airfoil  tables  for  the  NACA  632A(1.5)15 
were  not  available,  so  the  more  common  NACA  23012  airfoil 
was  used  instead.  In  the  test,  the  collective  pitch  was  fixed  to 
specified  levels,  0  deg  for  airplane  mode  and  6  deg  for  auto¬ 
gyro  mode.  The  collective  could  be  shifted  to  account  for 
differences  between  the  two  airfoils,  but  no  adjustment  to  col¬ 
lective  was  required  to  match  the  test  data.  Although  airfoil  ta¬ 
bles  were  not  available  for  the  NACA  632A(1.5)15,  low  speed 
data  was  available  for  the  similar  NACA  632215  (Ref.  12). 
The  low  speed  data  showed  that  the  NACA  632215  has  a  zero 
lift  angle  of  attack  of  approximately  -1  deg,  the  same  as  the 
23012. 


Fig.  7.  Comparison  of  calculated  XV-1  isolated  rotor  lift 
in  autogyro  mode  and  test  data  (reference  10). 


Figure  7  shows  CAMRAD  II  predictions  of  rotor  lift  in 
autogyro  mode  compared  to  the  test  data  from  reference  10. 
The  data  in  this  figure  represent  advance  ratios  between  0.2 
and  0.4.  The  curves  have  approximately  quadratic  trend  with 
rotor  speed.  The  predictions  in  CAMRAD  II  lie  nearly  on  top 
of  the  test  data  for  the  three  rotor  speeds. 
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Fig.  8.  Comparison  of  calculated  XV-1  isolated  rotor  drag 
in  autogyro  mode  and  test  data  (reference  10). 


Figure  8  shows  the  calculated  and  measured  rotor  drag  in 
autogyro  mode.  Some  adjustments  were  necessary  to  match 
the  rotor  drag.  Initially,  only  the  aerodynamic  portion  of  the 
blade  was  modeled  and  the  drag  was  under-predicted.  The 
aerodynamic  portion  of  the  blade  begins  at  0.283R,  and  in¬ 
board  of  the  attachment  is  a  fairing  over  the  torque  tube  and 
retention  straps  external  to  the  fairing.  One  would  expect  that 
neglecting  this  amount  of  blockage  would  result  in  under¬ 
prediction  of  rotor  drag.  No  data  were  available  for  dimen¬ 
sions  or  aerodynamic  properties  of  the  fairing  and  straps,  so  a 
simple  model  was  employed  to  produce  equivalent  drag.  An 
aerodynamic  fairing  was  added  between  the  coning  hinge  and 
the  blade  clevis  (0.062R  to  0.283R)  with  the  same  chord  as  the 
aerodynamic  portion  of  the  blade.  This  fairing  was  assumed 
to  have  a  drag  coefficient  of  0.08,  independent  of  angle  of  at¬ 
tack  and  Mach  number,  and  no  lift  or  moment  coefficients. 
This  simple  model  significantly  improved  the  correlation  with 
test  data.  The  resulting  correlation  is  shown  in  Figure  8. 

Slowed-Rotor  Compound 

A  slowed-rotor  vehicle  model  based  on  the  CarterCopter 
Technology  Demonstrator  (Ref.  13)  was  developed  to  exam¬ 
ine  the  performance  of  such  a  concept.  Since  little  detailed 
information  is  publicly  available  about  the  prototype,  the  an¬ 
alytical  model  is  relatively  simple.  It  is  intended  only  to  cap¬ 
ture  the  basic  geometry  of  the  aircraft,  see  Figure  9.  The  rigid 
blade  analysis  does  not  allow  for  elastic  bending  or  torsion, 
so  many  details  of  the  mass  and  stiffness  distributions  and 
aerodynamic  center  offsets  would  be  obscured  by  the  analysis 
even  if  they  were  available.  Two  models  were  used  for  anal¬ 


Fig.  9.  Top  view  of  CAMRAD  II  rotor  and  wing  model, 
t|/  =  0  deg,  direction  of  flight  to  left. 


ysis,  a  rotor  only  model  and  a  model  with  a  rotor  and  wing. 
The  properties  of  both  are  shown  in  Table  3. 

The  CarterCopter  Technology  Demonstrator  is  controlled 
only  with  collective  pitch  and  spindle  tilt.  For  the  calcula¬ 
tions,  spindle  tilt  was  modeled  by  tilting  the  rotor  shaft.  All 
calculations  were  made  with  zero  cyclic  pitch.  An  implicit 
trim  condition  for  a  teetering  rotor  is  also  that  the  hub  moment 
must  be  zero.  This  condition  is  accommodated  by  flapping. 

The  prototype  rotor  has  an  extremely  low  Lock  number 
caused  by  the  presence  of  65-lb  uranium  masses  at  the  blade 
tips.  These  provide  rotational  inertia  to  store  enough  energy  in 
the  rotor  for  a  jump  take-off.  The  masses  are  located  forward- 
slung  in  a  triangular  shape  extending  from  the  leading  edge 
of  each  blade  tip.  Note  that  the  chordwise  location  is  of  no 
consequence  for  the  purposes  of  this  study.  The  rigid  blade 
model  does  not  allow  for  elastic  torsion  and  is  hence  insensi¬ 
tive  to  the  chordwise  mass  distribution.  For  the  purposes  of 
this  study,  the  sweep  of  the  quarter  chord  due  to  the  masses 
was  ignored  and  only  the  chord  width  variation  was  modeled. 
This  reduced  the  computation  time  and  improved  convergence 
behavior  by  eliminating  direction  changes  in  the  bound  vor¬ 
tices  and  aerodynamic  panels  which  interact  with  trailed  vor¬ 
tices  in  the  wake  model.  Figure  10  shows  the  rotor  with  trailed 
vortices  at  an  advance  ratio  of  1 .0.  With  such  a  large  reverse 
flow  region,  the  trailed  vortices  overlap  the  blade  on  much  of 
the  retreating  side,  making  wake  convergence  challenging. 

For  the  actual  aircraft,  the  blade  airfoil  changes  from  an 
NACA  65/t021  at  the  root  to  an  NACA  65006  at  the  tip.  Airfoil 
tables  were  not  available  for  either  of  these  sections,  so  the 
NACA  23012  was  again  used  as  a  replacement. 

The  wing  model  is  straightforward.  The  wing  is  swept, 
tapered,  and  untwisted,  with  an  aspect  ratio  of  13.4.  The  aero¬ 
dynamic  model  of  the  wing  in  CAMRAD  II  is  identical  to  the 
aerodynamic  model  of  the  rotor  blades.  The  only  modeling 
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Fig.  10.  Illustration  of  rotor  and  wing  wake  models  for 
CCTD:  rigid  wake  geometry  at  /j  =  1 .0,  \jr  =  90  deg. 


detail  to  note  at  present  is  again  the  use  of  the  NACA  23012 
airfoil  as  a  replacement  for  the  NACA  6536I8.  Details  of  trim 
with  the  rotor  and  wing  are  discussed  in  the  results  section 
following. 


Isolated  Rotor 

To  trim  an  autogyro,  the  procedure  is  different  than  that  used 
for  the  high  advance  ratio  correlation  results.  The  rotor  is  un¬ 
powered,  so  the  rotor  speed  is  controlled  by  the  free  stream 
wind  velocity  and  the  angle  of  attack  of  the  rotor.  Two  pos¬ 
sibilities  exist  for  trim.  First,  the  orientation  can  be  fixed  and 
the  rotor  trimmed  by  adjusting  RPM  until  a  zero  power  con¬ 
dition  is  achieved.  Alternatively,  the  RPM  can  be  set  and  the 
the  shaft  tilt  adjusted  to  achieve  zero  power.  The  latter  was 
selected,  because  it  is  the  more  probable  method  of  trim  for 
a  production  aircraft.  The  pilot  normally  does  not  control  the 
shaft  tilt  manually  as  manual  shaft  tilt  would  likely  result  in 
an  unacceptable  pilot  workload.  Instead,  a  governor  or  auto¬ 
matic  control  system  maintains  the  desired  RPM  by  tilting  the 
shaft.  This  was  how  the  XV- 1  was  operated  in  airplane  mode. 

The  performance  metrics  of  interest  were  drag  and  power, 
with  power  defined  as  the  product  of  drag  and  velocity  (this 
number  would  be  divided  by  propeller  efficiency  to  obtain  the 
required  propeller  power).  Individual  components  of  rotor  and 
wing  power,  such  as  induced  and  profile  power  were  also  ex¬ 
amined. 

Collective  pitch  and  either  the  dimensional  parameters  ro¬ 
tor  speed  and  velocity,  or  non-dimensional  parameters  hover 
tip  Mach  number  and  advance  ratio,  were  varied  to  determine 
their  effects  on  the  drag  and  power.  Hover  tip  Mach  numbers 
of  ,V/j[p  =  0.2,  0.3,  and  0.4  correspond  to  rotor  speeds  of  100, 
150,  and  200  RPM  or  tip  speeds  of  230,  345,  and  460  ft/sec  at 
sea  level.  Although  results  are  presented  primarily  in  terms  of 
hover  tip  Mach  number,  it  is  important  to  note  that  the  three 
Mach  numbers  are  all  quite  low  and  compressibility  effects 


Table  3.  Properties  of  the  CarterCopter  rotor  and  wing 


Rotor 

Number  of  Blades 

2 

Hub  type 

teetering 

Radius 

22  ft 

Root  chord 

17  in 

Tip  chord 

7  in 

Solidity 

0.032 

Lock  number 

2.3 

Twist 

0  deg 

Airfoils 

variable  NACA  65-series 

53 

10  deg 

Wing 

Span 

32  ft 

Root  chord 

45  in 

Tip  chord 

12.5  in 

Aspect  ratio 

13.4 

Sweep  angle 

18  deg 

Incidence  angle 

5.2  deg 

Dihedral 

6  deg 

Wash  out 

none 

Airfoil 

NACA  653618 

Rel.  Position 

(8.9,  2.63)  ft  below,  forward  of  rotor 

were  only  seen  at  high  speed  even  for  the  highest  rotor  speed. 
Figure  1 1  illustrates  the  relationship  between  the  flight  speed 
and  rotor  advance  ratio  for  the  three  rotor  speeds.  At  the  high¬ 
est  rotor  speed,  the  forward  speed  is  above  250  kts  before  the 
advancing  tip  Mach  number  reaches  0.8.  Sonic  speed  is  not 
reached  for  any  tip  speed  for  the  airspeeds  in  this  study. 

Power  required  at  several  collective  pitch  settings,  forward 
speeds,  and  rotor  speeds  is  shown  in  Figure  12  to  show  the  rel¬ 
ative  effects.  Here,  the  rotor  power  is  plotted  at  the  three  tip 
Mach  numbers  and  at  three  different  forward  speeds  for  each 
tip  Mach  number.  This  shows  the  effects  of  changing  rotor 
speed,  airspeed,  and  collective  pitch  setting  on  the  same  plot. 
In  the  analysis,  the  airspeed  was  specified  in  terms  of  advance 
ratio;  the  common  dimensional  airspeeds  shown  represent  dif¬ 
ferent  advance  ratios  for  each  tip  speed. 

Figure  12  shows  that  the  minimum  power  occurs  at  the 
minimum  rotor  speed  for  all  aircraft  speeds.  However,  the 
difference  is  not  that  large,  even  at  204  kts.  If  the  higher  tip 
speed  is  necessary  to  alleviate  loads  or  stability  problems  at 
high  advance  ratio,  only  an  additional  50  horsepower  would 
be  required  between  the  lowest  and  highest  rotor  speeds. 

Figure  12  also  suggests  that  flat  pitch  is  the  most  efficient 
collective  pitch  setting.  For  nearly  all  of  the  curves  on  the  plot, 
there  is  a  local  minimum  at  0  deg  collective  pitch.  However, 
the  exceptions  are  the  slow  rotor  speeds,  Mqqp  =  0.2.  Here, 
the  local  minimum  appears  to  be  a  higher  collective  pitch,  par¬ 
ticularly  for  the  higher  speeds. 
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Fig.  11.  Relationship  between  flight  speed,  hover  tip  Mach 
number,  and  advancing  tip  Mach  number. 


Fig.  13.  Isolated  rotor  Ct  /o  at  -4  to  4  deg  collective  pitch, 
Mxip  =  0.2. 


Collective  Pitch  (deg) 


Fig.  12.  Isolated  rotor  power  with  collective  pitch  at  hover 
tip  Mach  numbers  of  0.2,  0.3,  and  0.4  and  82, 164,  and  204 
kts  forward  speed. 


To  illustrate  the  effect  of  collective  pitch,  the  thrust  behav¬ 
ior  for  a  wider  range  of  pitch  settings  is  shown  for  Mq-jp  =  0.2 
in  Figure  13.  An  interesting  trend  is  evident,  where  the  rotor 
thrust  changes  suddenly  between  0  deg  and  -2  deg  collective 
pitch.  The  reason  for  this  is  the  autorotation  condition  of  the 
rotor.  In  order  for  the  rotor  to  autorotate,  it  must  carry  some 
lift,  so  as  the  rotor  passes  through  zero  lift,  it  must  change  con¬ 
dition  suddenly  to  maintain  autorotation.  The  NACA  23012 
airfoil  has  a  lift  coefficient  of  zero  at  -1  deg  angle  of  attack 
for  low  Mach  numbers.  Therefore,  for  an  untwisted  rotor,  the 
condition  change  should  occur  near  -1  deg  collective.  Indeed, 
the  sudden  change  does  occur  between  0  and  -2  deg  collective 
in  Figure  13. 

More  evidence  is  provided  with  the  variation  in  the  shaft 
angle  required  for  trim,  shown  in  Figure  14.  Again,  there  is 
an  abrupt  change  in  the  shaft  angle  trend  between  0  and  -2 
deg  collective  pitch.  Furthermore,  the  0  and  -2  deg  lines  are 
nearly  symmetric  about  zero  shaft  angle,  as  are  the  +2  and  - 
4  deg  lines,  at  least  above  80  kts.  This  further  suggests  that 
the  lift  reverses  near  -1  deg  collective  pitch.  Beyond  that,  the 
combination  of  collective  pitch,  shaft  angle,  and  airspeed  pro¬ 
vide  the  power  to  turn  the  rotor.  Collective  pitch,  shaft  angle, 
or  both  must  provide  the  lift  required  to  turn  the  rotor,  with 
less  required  as  airspeed  increases.  At  flat  pitch,  the  shaft  an¬ 
gle  starts  at  5  deg  and  as  airspeed  increases,  the  shaft  angle 
diminishes  to  nearly  zero.  At  increased  collective  pitch  set¬ 
tings,  less  shaft  tilt  is  required  to  develop  the  required  lift.  At 
the  negative  collective  pitch  settings,  the  same  trend  is  ob¬ 
served,  but  the  shaft  angle  is  tilted  forward  rather  than  back. 
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Fig.  14.  Isolated  rotor  shaft  angle  at  -4  to  4  deg  collective 
pitch,  Mj  jp  =  0.2. 


Rotor  and  Wing 

The  purpose  of  modeling  the  rotor  and  wing  together  was  to 
investigate  how  the  two  sources  of  vehicle  lift  interact  with 
each  other  and  share  the  vehicle  weight,  and  how  this,  in  turn, 
affects  their  individual  performance.  For  the  rotor  and  wing 
model,  the  trailed  wake  models  of  the  wing  and  rotor  are  al¬ 
lowed  to  interact  and  influence  each  other. 

Because  performance  was  the  focus  of  the  present  work 
rather  than  control,  a  simple  trim  condition  was  specified 
rather  than  a  full  six  degree-of-freedom  vehicle  trim.  The 
only  requirements  for  trim  were  that  the  wing  and  rotor  to¬ 
gether  lift  the  vehicle  weight  and  that  the  rotor  be  autorotating 
(i.e.  rotor  power  is  zero).  As  in  the  isolated  rotor  analysis,  for 
the  purposes  of  CAMRAD  II,  the  rotor  RPM  was  specified 
and  the  shaft  angle  was  a  variable  calculated  by  the  analysis. 
The  other  variable  was  the  incidence  of  the  fuselage,  which  in 
turn  specified  the  incidence  of  the  wing.  These  two  variables 
represent  the  fuselage  angle  of  attack  and  spindle  tilt  of  the 
CCTD.  The  vehicle  gross  weight  was  chosen  to  be  4200  lb, 
which  is  the  maximum  vertical  takeoff  weight  of  the  CCTD. 
The  rotor  and  wing  are  shown  in  Figure  9. 

The  distributions  of  rotor  and  wing  lift  are  shown  in  Fig¬ 
ure  15  for  the  three  different  rotor  speeds.  Looking  at  these 
three  figures,  the  optimum  collective  pitch  is  0  deg,  as  seen 
in  the  isolated  rotor.  At  Mj jp  =  0.2  and  flat  pitch  (Fig¬ 
ure  15a),  the  rotor  lift  required  for  trim  increases  some  with 


speed;  atM-pjp  =  0.3  (Figure  15b),  the  increase  is  greater.  For 
Mpip  =  0.4,  the  rotor  lift  is  greater  than  the  wing  lift  above 
310  kts. 

At  negative  pitch,  for  all  three  tip  Mach  numbers,  the  ro¬ 
tor  in  autorotation  trims  at  negative  thrust  and  the  thrust  be¬ 
comes  increasingly  negative  as  advance  ratio  increases.  This 
means  that  the  the  wing  must  carry  additional  lift  to  compen¬ 
sate  for  the  rotor.  Clearly  that  is  not  a  desirable  trim  condition 
for  the  vehicle.  The  Mjjp=0.2  case  has  an  interesting  event 
near  fi  =  2.0,  where  the  trim  rotor  lift  suddenly  changes  to 
approximately  -1700  lbs  as  it  requires  more  (negative)  lift  to 
simultaneously  satisfy  the  zero  power  and  zero  hub  moment 
requirements  of  an  autorotating  teetering  rotor. 

The  positive  2  deg  collective  case  changes  behavior  over 
the  three  tip  Mach  numbers.  In  Figure  15a,  as  forward  speed 
increases,  the  rotor  lift  changes  sign  so  that  at  high  speed  the 
rotor  and  wing  are  opposing  each  other.  In  Figure  15b,  the 
curves  diverge  slightly,  but  are  still  sharing  positive  lift  up  to 
the  maximum  speed  shown.  At  the  highest  tip  Mach  number. 
Figure  15c,  the  behavior  is  similar  to  that  at  flat  pitch;  the 
curves  cross  and  separate  rapidly. 

These  trends  provide  guidance  for  selecting  rotor  speed 
and  collective.  For  positive  collective  pitch  settings,  the  wing 
carries  positive  lift  to  a  higher  airspeed  as  rotor  speed  de¬ 
creases.  At  a  given  rotor  speed,  more  collective  pitch  causes 
the  wing  to  carry  more  lift  at  higher  speed,  until  point  where 
the  lift  changes  rapidly  and  the  rotor  and  wing  oppose  each 
other.  The  fact  that  the  rotor  and  wing  work  together  benefi¬ 
cially  over  such  a  small  collective  range  implies  that  control¬ 
ling  the  rotor  speed  may  be  difficult  even  with  an  automatic 
control  system  and  should  be  examined  in  detail.  Such  an  in¬ 
vestigation  is  beyond  the  scope  of  this  paper. 

Total  and  induced  rotor  power  are  shown  in  Figure  16.  For 
each  of  the  plots,  it  is  clear  that  profile  power  dominates  the 
rotor  power.  Induced  power  is  comparatively  small  except  for 
the  highest  rotor  speed  (Figure  16c),  where  the  lift  is  large.  At 
that  rotor  speed,  compressibility  has  a  significant  effect  on  the 
blade  drag,  which  results  in  more  rotor  lift  and  in  turn  higher 
induced  power.  At  negative  collective  pitch  settings,  the  in¬ 
duced  power  is  particularly  high.  For  the  lowest  rotor  speed. 
Figure  16a,  the  power  is  nearly  unchanged  with  collective, 
and  collective  pitch  effects  for  the  moderate  rotor  speed  are 
relatively  minor  as  well.  A  more  detailed  discussion  of  rotor 
power  is  provided  later. 

The  rotor  angle  of  attack  is  shown  in  Figure  17.  This  is 
the  angle  of  the  hub  relative  to  the  oncoming  wind,  similar 
to  the  isolated  rotor  shaft  angle  in  Figure  14,  not  the  tip  path 
plane  angle.  Since  there  is  no  cyclic  pitch,  the  hub  plane  is 
also  the  plane  of  no  feathering.  The  trends  should  and  do 
look  similar  to  those  for  the  isolated  rotor  in  Figure  14.  The 
shaft  angle  decreases  for  positive  collective  and  increases  for 
negative  collective  as  the  speed  is  increased. 
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Fig.  15.  Lift  of  rotor  and  wing  vs.  airspeed  from  -2  to  2 
deg  collective,  0.2  <  Mj jp  <  0.4. 


Fig.  16.  Total  and  induced  rotor  power  vs.  airspeed  from 
-2  to  2  deg  collective,  0.2  <  Mj jp  <  0.4. 
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Fig.  17.  Rotor  shaft  angle  vs.  airspeed  from  -2  to  2  deg 
collective,  0.2  <  Mj jp  <  0.4. 


The  wing  angle  of  attack  in  Figure  18  looks  like  one  would 
expect  from  a  fixed-wing  aircraft  without  a  rotor.  At  low 
speeds,  the  wing  must  maintain  a  large  angle  of  attack  to  carry 
its  share  of  lift,  but  as  speed  increases,  the  wing  angle  of  attack 
asymptotically  approaches  zero.  A  closer  examination  shows 
the  consistencies  with  Figure  15.  First,  the  negative  collective 
pitch  settings  require  the  wing  to  carry  much  higher  lift  in  Fig¬ 
ure  15.  This  results  in  a  2-5  deg  increase  in  angle  of  attack  in 
Figure  18.  Also,  the  behavior  of  the  1  and  2  deg  collectives  in 
Figure  15a  produce  increased  angles  of  attack  in  Figure  18a. 
Finally,  the  crossing  of  wing  and  rotor  lift  for  0  and  positive 
collective  pitch  settings  in  Figure  15c  result  in  negative  angles 
of  attack  at  high  speed  in  Figure  18c.  Note  that  the  wing  inci¬ 
dence  relative  to  the  fuselage  is  included  in  Figure  15,  which 
shows  the  angle  between  the  wing  and  the  oncoming  wind. 
Angles  of  attack  below  -1  deg  result  in  negative  lift. 

Spindle  tilt  results  are  shown  in  Figure  19.  The  spindle  tilt 
is  shown  as  an  indication  of  control  requirements.  Based  on 
Figure  19a,  the  wing  incidence  appears  to  be  consistent  with 
the  lowest  rotor  speed  and  flat  pitch.  For  that  condition,  the 
spindle  travel  is  symmetric  about  the  undeflected  position.  For 
increasing  tip  speeds  the  shaft  should  be  tilted  with  respect  to 
the  fuselage  by  about  2  and  5  deg,  respectively  for  Mj jp  of 
0.3  and  0.4.  The  travel  is  at  most  15  deg,  even  for  the  neg¬ 
ative  collective  pitch  settings.  The  separation  between  the  0 
and  -1  deg  collective  lines  accentuates  the  control  issue  men¬ 
tioned  earlier.  If  the  optimum  collective  pitch  is  zero,  there 
is  very  little  tolerance  for  changes  in  thrust  from  elastic  twist 
or  inflow  changes.  A  spindle  actuator  maintaining  rotor  speed 
would  have  to  move  the  spindle  very  quickly  between  5  and 
10  deg  depending  on  rotor  speed  and  airspeed. 

The  longitudinal  flapping  angles  are  shown  in  Figure  20. 
These,  in  combination  with  the  rotor  angle  of  attack  in  Figure 
17,  provide  information  about  the  tip  path  plane  angle  of  the 
rotor.  Looking  at  each  plot  individually,  the  flapping  is  ap¬ 
proximately  constant  with  airspeed  at  the  low  rotor  speed  and 
as  rotor  speed  increases,  airspeed  dependence  increases.  At 
Mj jp  of  0.2,  the  flapping  changes  only  as  the  lift  diverges  at 
positive  1  and  2  deg  collective  pitch  and  the  other  collective 
settings  have  nearly  constant  flapping.  In  contrast,  at  Mj jp 
of  0.4,  there  is  approximately  a  5  deg  difference  in  flapping 
over  the  airspeed  range.  The  most  dramatic  difference  is  seen 
between  the  positive  and  negative  collective  pitch  conditions 
in  this  figure.  It  reiterates  the  severity  of  the  condition  change 
between  positive  and  negative  collective  pitch  settings.  Not 
only  must  the  spindle  tilt  5-10  deg,  but  the  rotor  flapping  must 
change  from  about  8  to  as  much  as  15  deg. 

The  preceding  discussion  has  demonstrated  that  lower  ro¬ 
tor  speed  improves  performance  and  that  zero  deg  collective 
pitch  is  the  best  condition  at  any  speed.  Now  these  trends  are 
examined  in  more  detail  to  reveal  the  physics  behind  them  and 
clarify  the  role  of  the  wing  in  the  performance  of  the  rotor  and 
the  total  vehicle. 
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Fig.  18.  Wing  angle  of  attack  vs.  airspeed  from  -2  to  2  deg 
collective,  0.2  <  Mj jp  <  0.4. 


Fig.  19.  Spindle  tilt  vs.  airspeed  from  -2  to  2  deg  collective, 
0.2  <  Mjip  <  0.4. 
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Fig.  20.  Longitudinal  flapping  vs.  airspeed  from  -2  to  2 
deg  collective,  0.2  <  Mj jp  <  0.4. 
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Fig.  21.  Rotor  power  at  tip  Mach  numbers  of  0.2-0.4,  0 
deg  collective  pitch. 


T 


■ 

/ 

/  / 

:  ! 
■'  / 

/ 

/ 

/ 

/  / 
.■  ✓ 

^  / 
/  * 

s 

„  ■ 

/  y 
V' 

f 

- IVI  =  0.2 

TIP 

■  - M  =0.3 

TIP 

. IVI  =  0.4 

TIP 

— ■ 

Figure  21  shows  rotor  power  at  flat  pitch  for  the  three  tip 
speeds.  This  more  clearly  shows  the  effect  of  rotor  speed  than 
Figure  16.  The  power  increases  with  increasing  rotor  speed, 
and  the  difference  widens  as  the  vehicle  speed  increases.  As 
stated  earlier,  three  factors  are  at  work  increasing  power  re¬ 
quired  with  Mj jp;  the  profile  power  is  increasing,  the  induced 
power  is  increasing  as  more  lift  is  required  to  overcome  the 
profile  power,  and  the  blade  drag  increases  as  a  result  of  com¬ 
pressibility. 

The  effects  of  compressibility  are  illustrated  in  Figures  22 
and  23.  Here,  the  rotor  power  and  lift  are  compared  with  di¬ 
mensional  tip  speeds  of  230  ft/sec  and  460  ft/sec,  and  tip  Mach 
numbers  of  0.2  and  0.4.  To  separate  the  effects  of  advance  ra¬ 
tio  and  Mach  number,  a  third  line  is  added  where  the  speed  of 
sound  was  artificially  increased  by  a  factor  of  two  such  that 
the  tip  Mach  number  of  the  460  ft/sec  rotor  speed  matched 
that  of  the  230  ft/sec  rotor  speed. 

In  Figure  22,  the  difference  between  the  two  Mpjp  =  0.2 
lines  indicates  that  the  profile  power  increase  is  resulting  from 
rotor  speed.  The  difference  between  the  two  450  ft/sec  lines 
illustrates  the  effect  of  compressibility,  specifically  the  drag 
coefficient  of  the  blade  increasing  with  Mach  number.  Note 
that  the  profile  drag  increase  caused  by  Mach  number  pro¬ 
duces  a  direct  profile  power  increase  and  an  indirect  increase 
in  induced  power  just  as  the  rotor  speed  increase  does. 

Figure  23  shows  the  influence  of  compressibility  on  the 
rotor  lift.  The  rotor  lift  increases  with  speed  in  order  to  main¬ 
tain  autogyro  trim,  because  the  rotor  power  is  increasing.  At 
Mtip  =  0.4,  a  large  part  of  the  power  increase  is  attributed  to 
the  compressibility  effects  on  profile  power. 
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Fig.  22.  Effect  of  compressibility  on  rotor  profile  power,  0 
deg  collective,  Mj jp=  0.2, 0.4,  and  V/  =  230  and  460  ft/sec. 
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Fig.  23.  Effect  of  compressibility  on  wing  and  rotor  lift,  0 
deg  collective,  MTjP=  0.2, 0.4,  and  Vj  =  230  and  460  ft/sec. 


Fig.  24.  Wing  power  at  tip  Mach  numbers  of  0.2-0.4, 0  deg 
collective  pitch. 


The  wing  is  unaffected  by  the  rotor  speed,  so  its  power 
required  changes  only  to  the  extent  that  the  sharing  of  lift  be¬ 
tween  the  wing  and  rotor  changes.  In  Figure  24,  the  wing 
power  is  almost  exactly  the  same  for  the  three  rotor  speeds. 
The  wing  angle  of  attack,  shown  in  Figure  25,  changes  very 
little  with  rotor  speed,  except  at  very  low  airspeed.  At  mod¬ 
erate  and  high  airspeed,  even  small  changes  in  the  wing  an¬ 
gle  of  attack  produce  substantial  changes  in  the  wing  lift.  At 
the  lowest  speeds,  below  150  kts,  the  wing  is  operating  very 
near  stall.  Increased  rotor  speed  requires  the  rotor  to  generate 
more  lift  to  maintain  autorotation,  unloading  the  wing.  The  in¬ 
creased  discrepancy  in  wing  angle  of  attack  with  rotor  speed 
below  150  kts  results  from  this  difference  in  rotor  lift. 

The  vehicle  power  is  shown  in  Figure  26.  Because  the 
wing  power  is  nearly  insensitive  to  the  rotor  speed,  the  vehi¬ 
cle  power  looks  similar  to  the  rotor  power  in  Figure  2 1 .  The 
scale  is  different,  but  the  gradually  widening  increase  in  power 
required  with  increasing  rotor  speed  is  still  clear. 

Also  notable  in  Figures  21,  24,  and  26  is  that  the  power 
required  by  the  rotor  is  the  same  level  as  that  of  the  efficient, 
high  aspect  ratio  wing,  at  least  at  the  low  rotor  speeds.  At 
Mtip  =  0.4,  the  power  curves  are  very  steep,  so  it  is  more 
difficult  to  compare  them  to  the  wing.  For  the  lowest  rotor 
speed,  the  rotor  requires  about  450  hp  at  the  highest  speed 
and  the  wing  requires  just  over  500  hp.  Noting  that  the  wing 
is  carrying  over  75%  of  the  lift  (Figure  15),  this  is  substantial 
power  increase  over  a  fixed  wing,  and  quantifies  the  trade-off 
between  vertical  takeoff  capability  and  cruise  efficiency. 

The  interference  power  is  also  shown  in  Figure  26.  The 
interference  power  is  a  measure  of  how  the  interaction  of  the 
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Fig.  25.  Wing  angle  of  attack  at  tip  Mach  numbers  of  0.2- 
0.4,  0  deg  collective  pitch. 
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Fig.  27.  Relative  magnitudes  of  profile  and  induced  power 
of  wing  and  rotor,  0  deg  collective,  MTIp=  0.2. 
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Fig.  26.  Total  and  interference  power  of  rotor  and  wing  at 
tip  Mach  numbers  of  0.2-0.4,  0  deg  collective  pitch. 
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rotor  and  wing  wakes  adversely  affect  the  lift  on  each  lift  de¬ 
vice.  The  extremely  low  interference  power  indicates  that  the 
wing  and  rotor  are  separated  by  sufficient  distance  that  they 
are  essentially  isolated  from  each  other.  The  advance  ratio 
scales  on  Figures  16-20  illustrate  that  the  lowest  advance  ra¬ 
tio  for  the  rotor  is  0.5,  which  is  very  high  for  a  helicopter  and 
the  wake  is  swept  back  far  behind  the  vehicle  before  it  inter¬ 
acts  with  the  wing  wake. 

The  relative  importance  of  profile  and  induced  power  for 
both  the  wing  and  rotor  is  difficult  to  ascertain  from  the  pre¬ 
ceding  discussion.  A  buildup  of  power  for  the  lowest  tip  speed 
is  shown  in  Figure  27.  The  grouping  of  the  lines  indicates  that 
induced  power  is  a  minor  contributor  for  both  the  rotor  and 
the  wing.  The  lines  “profile”  and  “total,”  showing  profile  with 
induced  and  interference  power,  are  nearly  indistinguishable. 
The  sharing  of  power  between  the  rotor  and  wing  is  also  more 
clear  as  the  distance  from  the  x-axis  to  the  rotor  only  lines  is 
about  the  same  as  that  to  the  rotor  +  wing  lines. 

The  rotor  incidence  information  is  shown  in  Figures  28 
and  29.  The  tip  path  plane  angle  is  determined  by  the  ro¬ 
tor  angle  of  attack  and  longitudinal  flapping.  Spindle  tilt  is 
a  control  parameter  and  does  not  provide  additional  perfor¬ 
mance  information,  but  is  included  along  with  lateral  flapping 
for  completeness. 

The  angle  of  attack  and  flapping  are  relatively  constant 
with  rotor  speed.  There  is  some  variation  with  tip  Mach  num¬ 
ber,  but  it  only  amounts  to  a  degree  or  two.  The  comparatively 
large  change  in  spindle  tilt  is  accounting  for  the  change  in  the 
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Fig.  28.  Rotor  hub  angle  and  spindle  angle  at  tip  Mach 
numbers  of  0.2-0.4,  0  deg  collective  pitch. 
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wing  angle  of  attack  as  speed  increases.  It  negates  the  vehi¬ 
cle  attitude  change  to  keep  the  rotor  at  a  nearly  constant  angle 
relative  to  the  oncoming  wind  (Figure  28). 


Airspeed  (kts) 

Fig.  29.  Rotor  flapping  angles  at  tip  Mach  numbers  of  0.2- 
0.4,  0  deg  collective  pitch. 


Having  examined  the  rotor  and  wing  performance  in  de¬ 
tail,  consideration  of  the  wing  and  rotor  system  performance 
is  appropriate.  Vehicle  efficiency  is  commonly  expressed  in 
terms  of  lift-to-drag  ratio,  L/D.  The  L/D  of  the  rotor  and 
wing  together  and  the  wing  alone  are  shown  in  Figure  30.  At 
low  rotor  speed  and  low  airspeed,  the  lifting  system  L/D  is  as 
high  as  20.  The  efficient,  high  aspect  ratio  wing  exceeds  30, 
indicating  the  relative  amount  of  drag  produced  by  the  rotor 
at  low  speed.  As  the  speed  increases,  though,  and  profile  drag 
increases,  the  L/D  of  the  wing/rotor  combination  decreases. 
This  provides  some  insight  into  the  degree  to  which  the  rotor 
drag  can  be  reduced  at  high  speed.  It  is  important  to  note  how¬ 
ever,  that  these  calculations  do  not  include  any  sort  of  fuse¬ 
lage,  so  the  drag  and  power  calculations  are  not  indicative  of 
what  the  vehicle  performance  might  be. 

Another  performance  metric  is  D/q,  the  drag  divided  by 
the  dynamic  pressure.  This  indicates  an  equivalent  flat  plate 
area  and  is  most  useful  for  the  fuselage,  but  is  also  useful  to 
compare  drag  of  lifting  surfaces.  The  D/q  of  the  wing  and 
rotor  system  is  shown  in  Figure  3 1 .  It  shows  that  the  power  at 
high  speed  results  primarily  from  the  large  dynamic  pressure. 
When  the  dynamic  pressure  is  removed,  the  equivalent  flat 
plate  drag  is  only  about  1.5  square  feet  for  the  lowest  rotor 
speed. 
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Fig.  30.  Combined  rotor  and  wing  L/D  at  tip  Mach  num¬ 
bers  of  0.2-0.4,  0  deg  collective  pitch. 


Also,  interestingly,  the  effect  of  compressibility  is  evident 
in  the  Mj jp  =  0.4  case.  D/q  at  the  lower  rotor  speeds  asymp- 
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Fig.  31.  D/q  of  rotor  and  wing  at  tip  Mach  numbers  of 
0.2-0.4,  0  deg  collective  pitch. 


totically  approach  horizontal  as  speed  increases,  but  at  the 
highest  rotor  speed  increases  above  300  kts.  Figure  31  in¬ 
dicates  that  compressibility  results  in  a  drag  increase  of  ap¬ 
proximately  70%. 

One  of  the  drivers  for  going  from  a  conventional  helicopter 
to  a  compound  helicopter  or  another  vertical  lift  configuration 
is  that  of  high  altitude  performance.  A  pure  helicopter  nor¬ 
mally  stalls  at  high  altitude,  but  the  lifting  wing  considerably 
increases  the  service  ceiling.  Up  to  this  point,  calculations 
were  made  for  sea  level  conditions.  These  will  now  be  com¬ 
pared  to  high  altitude  to  show  the  effect  on  the  compound  he¬ 
licopter.  The  performance  was  calculated  for  standard  condi¬ 
tions  at  sea  level,  10,000  feet,  and  20,000  feet  altitude.  For  a 
tip  speed  of  230  ft/sec,  the  corresponding  tip  Mach  numbers 
for  these  altitudes  are  0.206,  0.214,  and  0.222. 

Sharing  of  lift,  shown  in  Figure  32,  is  moderately  affected. 
For  most  of  the  speed  range,  an  additional  500  lbs  per  10,000 
feet  is  offloaded  from  the  rotor  to  the  wing.  Figure  15(b)  and 
(c)  show  the  lift  crossing  and  then  diverging.  The  extreme 
right  of  Figure  32  indicates  that  this  crossing  is  slightly  differ¬ 
ent  for  each  altitude,  but  is  above  the  airspeeds  of  interest. 

The  combination  of  lift  redistribution  and  the  reduced  air 
density  at  high  altitude  has  a  strong  influence  on  the  rotor  and 
wing  power.  A  breakdown  of  power,  shown  in  Figure  33,  in¬ 
dicates  the  power  is  reduced  by  more  than  1/3  from  sea  level 
to  20,000  feet.  The  difference  of  1/3  at  the  highest  speed  is 
nearly  the  same  between  the  two,  suggesting  that  the  primary 
driver  is  the  reduced  air  density.  The  reduction  in  power  of  the 
wing  and  rotor  combined  is  slightly  more  than  for  the  wing 
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Fig.  32.  Lift  of  rotor  and  wing  from  sea  level  to  20,000  feet, 
0  deg  collective,  Vy  =  230  ft/sec. 


alone,  however.  The  difference  is  because  lift  was  transferred 
from  the  rotor  to  the  wing.  At  low  speed,  the  high  induced 
power  obscures  any  effects  of  altitude  on  profile  power. 

The  L/D  ratios  for  the  wing  and  the  rotor- wing  combina¬ 
tion  are  shown  in  Figure  34.  The  L/D  illustrates  the  same 
points  as  power.  For  the  wing  alone,  the  peak  L/D  is  about 
31  and  is  independent  of  altitude.  Sailplane  pilots  know  well 
that  for  a  fixed  wing  in  incompressible  flow,  L/D  is  strictly  a 
function  of  geometry,  not  of  weight  or  altitude.  For  the  rotor, 
the  L/D  ratio  is  nearly  constant,  but  maximum  L/D  increases 
slightly,  from  21  to  about  22.  The  small  increase  is  caused 
by  lift  shifting  to  the  efficient  wing  from  the  less  efficient  ro¬ 
tor.  The  difference  between  the  wing  only  and  rotor+wing 
narrows  with  airspeed  for  every  altitude,  but  narrows  less  as 
altitude  increases. 

These  results  show  that  high  altitude  improves  the  perfor¬ 
mance  of  the  wing  and  rotor  independently  but  also  shows  that 
a  transfer  of  lift  from  the  rotor  to  the  wing  occurs.  This  trans¬ 
fer  of  lift  to  the  efficient  wing  increases  L/D  performance  and 
thus  reduces  power  required. 

Conclusions 

The  performance  of  slowed-rotor  compound  aircraft  was  cal¬ 
culated  using  the  comprehensive  analysis  CAMRAD  II.  Cor¬ 
relation  with  historical  high  advance  ratio  test  data  demon¬ 
strated  the  applicability  of  CAMRAD  II  to  rotors  in  such  flight 
conditions.  Detailed  performance  of  a  rotor  similar  to  that 
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Fig.  33.  Wing  and  total  power  from  sea  level  to  20,000  feet, 
0  deg  collective,  Vy  =  230  ft/sec. 
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Fig.  34.  L/D  of  rotor  and  wing  from  sea  level  to  20,000 
feet,  0  deg  collective,  VY  =  230  ft/sec. 


used  on  the  CarterCopter  Technology  Demonstrator  was  pre¬ 
sented.  The  rotor  was  analyzed  as  an  isolated  rotor  and  with  a 
fixed  wing.  Specific  conclusions  follow. 

1.  CAMRAD  II  with  a  rigid  wake  model  is  able  to  capture 
performance  trends  of  high  speed  rotors  to  at  least  an  ad¬ 
vance  ratio  of  1.45  although  some  offsets  with  the  Jenk¬ 
ins  data  exist  which  could  not  be  accounted  for.  Corre¬ 
lation  was  good  with  both  the  Jenkins  and  XV- 1  isolated 
rotor  test  data. 

2.  For  an  autorotating  rotor  at  high  speed,  slowing  the  ro¬ 
tor  reduces  the  power  required,  whether  the  rotor  is  in 
isolation  or  in  combination  with  a  fixed  wing. 

3.  The  optimum  collective  for  a  high  speed  autorotating  ro¬ 
tor  is  that  which  produces  a  small  amount  of  positive 
thrust  on  the  rotor.  Negative  thrust  causes  a  reversal  in 
the  rotor  flapping  and  trimmed  shaft  angles  and  substan¬ 
tially  degrades  performance. 

4.  For  a  combined  rotor  and  wing  at  high  advance  ratio, 
there  is  a  very  narrow  (1-2  deg)  range  of  collective  where 
an  acceptable  distribution  of  lift  between  the  wing  and 
rotor  exists.  Outside  this  range,  the  rotor  and  wing  pro¬ 
duce  lift  in  opposite  directions  and  increase  the  total  ve¬ 
hicle  drag. 

5.  Where  there  was  beneficial  sharing  of  lift  between  the  ro¬ 
tor  and  wing,  the  wing  carried  most  of  the  lift  and  hence 
rotor  power  was  dominated  by  profile  power.  Induced 
power  was  generally  small  unless  the  wing  and  rotor  pro¬ 
duced  opposite  lift.  Wing  power  was  also  dominated  by 
profile  power  except  at  low  speed  where  it  was  near  stall. 

6.  The  drag  and  power  of  the  rotor  for  Mj jp  <  0.3  were 
about  the  same  as  the  wing.  For  Mp  jp  =  0.4,  compress¬ 
ibility  effects  caused  the  rotor  profile  power  to  increase 
rapidly  above  300  kts. 

7.  The  separation  between  the  wing  and  rotor  for  the  model 
in  this  investigation  was  sufficient  that  there  was  negligi¬ 
ble  interference  between  the  two  at  high  speed. 

8.  High  altitude  resulted  in  a  shift  of  lift  from  the  rotor  to 
the  wing  for  zero  collective  and  Mj  jp  =  0.2.  The  shift 
to  the  high  efficiency  wing,  coupled  with  the  reduced  air 
density  reduced  the  power  required  by  more  than  1/3  be¬ 
tween  sea  level  and  20,000  feet. 
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